In this work authors present for the first time how to apply the additive-free, cured PDMS as a negative tone resist material, demonstrate the creation of PDMS microstructures and test the solvent resistivity of the created microstructures.
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good choice in various applications such as microfluidic chips [13, 14] , microreactors [15] , hydrophobic valves [16] , microlenses [17] , contact lenses [18] , microstamps [19] or even medical implants [20] .
Although the presence of PDMS in numerous research fields and applications is significant, up to now it has not been known how to use the cured polymer as a negative tone lithographic resist material. The creation of micro-or nanostructures in cured PDMS has a lot of advantages compared to the lithography in the liquid pre-polymer. The layer thickness of the cured layer can be arbitrary while the thickness of the liquid phase is limited by the flow parameters of the polymer (viscosity, temperature, orientation of the sample). The cured samples need less attention during sample handling, irradiation and storage also because the cured layer protects the created structures from outside impacts before development. Since PDMS is an insulator material, it charges up at the area of irradiation during exposure to charged beams (electron or ion beams). Due to charging, the liquid PDMS layer flows apart making the creation of structures in infinitely thick layers impossible. This problem, of course, does not arise in case of the cured polymer. The above make the creation of arbitrarily tall structures possible, since the height of the structure is only limited by the penetration depth of the used radiation. If a thin conductive layer is necessary during irradiation due to excessive charging, a thin metal layer may simply be evaporated on the top surface of the cured polymer sample. This does not hinder the adhesion between the substrate and the polymer layer and can be either removed or kept in the development process.
In this paper authors present for the first time how to apply the additive-free, cured poly(dimethylsiloxane) as a negative resist material in proton beam writing (PBW), a direct writing lithography technique.
Experimental
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The samples were created by using Sylgard 184 kit from Dow-Corning, the mixing ratio of the base polymer and the curing agent was 10:1. Glass substrates were cut and cleaned in piranha solution (H2SO4:H2O2 -3:1) for 5 minutes. The PDMS polymer was spin-coated on the glass substrates in 45 m and 100 m thicknesses and then baked at 125 •C for 30 minutes.
The samples were irradiated at the nuclear microprobe facility of HAS-ATOMKI, Debrecen, Hungary [21] . The 45 m and 100 m thick samples were patterned by 2 MeV and 2.5 MeV protons, respectively. The size of the beam spot was ~2.5 m × 2.5 m, the beam current was 1.3 nA. The penetration depth of the different energy protons was calculated by the SRIM [22] code. These calculations showed that the range of the 2 MeV protons is ~85 m, while that of the 2.5 MeV protons is ~120 m in PDMS. Since the polymer layers were much thinner than the penetration depths of protons in the corresponding samples, the particles easily penetrate through the resist layer without suffering considerable lateral scattering creating structures with vertical sidewalls.
To test the etching method, two kinds of patterns were created in the samples. The etched structures were investigated by a Zeiss Axio Imager Optical Microscope and a Hitachi-S4300-CFE scanning electron microscope (SEM).
Since the above mentioned process makes possible the creation of microfluidic elements, it is important to test which solvents the developed microstructures are compatible with. In the framework of the solvent compatibility test two samples were placed in every solvents, a 45 m thick unirradiated PDMS sample and some developed microstructures. The experiment happened at room temperature, the time duration was 30 minutes. After removing the samples from the solvents they were dried and examined with an optical microscope.
Besides organic solvents some acids were also tested. A solvent or an acid was considered compatible with the microstructures or the polymer layer if after 30 minutes no visible changes (whitening, swelling, any degradation, delamination, etc.) could be observed on them.
Results and discussion
In the first test, a 45 m thick fluence test sample with parallel lines was etched for 5 minutes. It was found that the sulfuric acid removed only the unirradiated PDMS and did not etch the structures that received high fluences. was used to find the fluence threshold of the development with better accuracy. After 5 minutes of etching, it was observed that the quality and integrity of the lines increased steadily with increasing fluences until it reached 4.38×10 15 ion × cm -2 (7000 nC×mm -2 ) above which they were uniform ( Figure 1 ). is needed to be delivered to the structures.
The demonstration test samples could be developed successfully and in a good quality.
The etchant cleaned the microstructures well, the cured but unirradiated PDMS was removed completely. The walls were vertical and smooth, the shape of the microstructures were not deformed. highly degraded PDMS is very similar to the glass', so the radicals that formed due to irradiation at the interface attached the two medium together strongly.
When energetic particles penetrate inside a material they suffer scattering. The scattering is more pronounced towards the end of their path where the energy of the ion has already decreased significantly. These irradiations were designed the way that the protons penetrate through the polymer layer and stop inside the glass substrate. This way it can be achieved that the PDMS is modified all the way to the substrate and chemically bonds to it.
Since the 100 m layer thickness is relatively large compared to the 120 m penetration depth of 2.5 MeV protons in PDMS, the scattering causes visible widening at the bottom of the microstructures (Figure 3 .b). The exact height of these microstructures was measured by SEM and it turned out to be 103 m (Figure 3 ). The diameter of the narrowest columns was 7 m at the tip and 15 m at the bottom. Smaller diameter columns were also irradiated but they broke off from the substrate during etching. This can probably be avoided by further improvement of the development method. PDMS with the sulfuric acid cannot accumulate close to the sample surface and hamper the fresh etchant to reach the microstructures.
The reaction products of PDMS with concentrated sulfuric acid were studied by Lee et al. by IR and mass spectrometry [23] . It turned out that the white precipitate that forms in the reaction consists of low molecular weight oligomers having the structure
The results of the solvent resistivity test (Table 1) showed that the unirradiated PDMS do not, while the irradiated PDMS microstructures do resist to chloroform, n-hexane, toluene and of course sulfuric acid (98%). This is the consequence of changing the material structure of the polymer due to high fluence irradiation. Hydrogen fluoride (38%) etches both the unirradiated and the irradiated PDMS. Previous studies [23] reported that some tested solvents swell PDMS in a significantly longer time and/or at elevated temperatures. At room temperature after the duration of the test, we did not observe the above mentioned effects.
Besides the substances listed in Table 1 , the effects of 30% potassium hydroxide (KOH) and 30% sodium hydroxide (NaOH) solutions were also tested on irradiated samples. It was found According to other studies [23] , trifluoroacetic acid, dipropylamine and Tetra-nbutylammonium fluoride (TBAF) + tetrahydrofuran (THF) solution also dissolve the cured 12.
PDMS polymer. These substances may also be good candidates to selectively etch the cured and micropatterned PDMS. With this technique, good quality, smooth and vertical sidewall, undistorted, high aspect ratio microstructures were created in 45 m and 100 m thick PDMS layers. The microstructures become glass-like, rigid and adhered to the glass substrate very well.
The solvent resistivity of the created microstructures was also tested. It was found that the unirradiated PDMS cannot while the irradiated PDMS microstructures can resist to chloroform, n-hexane, toluene and of course sulfuric acid (98%). Hydrogen fluoride (38%) etches both the unirradiated and the irradiated PDMS.
It was also an important finding that KOH and NaOH solutions could be used to selectively etch PDMS as a positive resist material. These results will be presented in a separate paper.
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